INTRODUCTION
Many animals possess asymmetric bodies that dictate stable postures and movements. A classic example is the top-heavy human body, which trades stability while standing for efficiency of walking [1] . The dichotomy of static instability and dynamic stability emerges passively from the interaction between morphology and the environment. For example, stable flight is conferred by the front-heavy bodies of darts and shuttlecocks, which orient in the direction of motion through corrective lift on their tails. However, these front-heavy projectiles pitch toward the earth as they lose speed. Similarly, front-heavy bodies possessed by most swimming animals are inherently unstable but facilitate stable locomotion [2, 3] . Teleosts, which comprise about 95% of all fish, have denser heads than tails [4] . Consequently, their morphology introduces destabilizing pitch-axis (nose-down) rotations that are corrected when they swim [2] . The relationship between destabilizing physical forces and stabilizing movements is, therefore, well defined for fish, facilitating a mechanistic understanding of balance.
Animals balance by sensing and responding to destabilization with corrective movements of appropriate magnitude and timing [5] [6] [7] . Given the inherently stabilizing effect of locomotion for teleosts, we hypothesized that their balance develops through improved sensorimotor control of movement timing-specifically, preferential initiation of corrective movements when unstable. Control of movement initiation requires a functional sensorimotor circuit for balance, which has been well characterized in zebrafish larvae, a common laboratory teleost. Specifically, zebrafish larvae are capable of sensing and responding to induced and natural destabilization in the pitch (nose-up/ nose-down) and roll (''barbecue-spit'') axes around the age they begin to swim [8] [9] [10] [11] .
We define the corrective tendencies of individual movements by leveraging the naturally segmented locomotion of larval zebrafish. Specifically, larvae propel in discrete swim bouts interrupted by near halts, as their small size dictates that movement is dominated by viscous forces that minimize glide [12] [13] [14] . The swim/halt structure of larval locomotion allowed us to model, measure, and manipulate both the destabilizing forces when stationary and the locomotion-dependent stabilization during swim bouts across development. Having identified the postural challenges and corrective tendencies of locomotion across development, we measured and modeled the relationship between movement timing and balance. We found that the key developmental improvement to balance in larval zebrafish is their emerging ability to use postural information to determine movement timing. Our data thus dissociate swim-dependent and swim-independent contributions to balance and show how developing zebrafish come to regulate movement initiation to achieve postural stability.
RESULTS

A Model of Body Growth Predicts Nose-Down Destabilization
We first tested whether morphology presents challenges to stable posture for larval zebrafish. From 4 to 21 days post-fertilization (dpf), zebrafish nearly doubled in length and grew an order of magnitude in volume ( Figure 1A ; Table S1 ). With age, the gas-filled organ that regulates weight distribution (the swim bladder) shifted posteriorly and extended a second chamber [15, 16] . We estimated where the major hydrostatic forces of buoyancy and gravity act, the center of buoyancy (COB) and the center of mass (COM), respectively. We used both lateral and dorsal photomicrographs of individual fish at 4, 7, 14, and 21 dpf ( Figure 1A ) to outline both the body and the swim bladder. Then we modeled the fish as a series of elliptic cylinders, estimating the positions of the center of mass and center of buoyancy for individual larvae [17] . We adjusted the density to account for swim bladder position and progressive nose-totail calcification ( Figure 1A ) [18, 19] .
We found that the COM was located anterior to the COB in 95% of individuals across all ages (Table S1 ). Misalignment of the forces of gravity and buoyancy should, therefore, yield a nose-down torque and angular acceleration throughout the larval stage ( Figure 1B ; Figure S1 ; Table S1 ). Consistently, anesthetized larvae rotated nose-down until vertical, such that the moment arm of the torque due to buoyancy was minimized (Movie S1). Ideal angular acceleration of passive larvae was estimated as the ratio of the torque associated with buoyancy to the moment of inertia, a similar metric to the ''index of passive dynamic stability'' [2] . For simplicity, ideal angular acceleration ignores hydrodynamic drag, but it should correlate with the actual angular accelerations experienced by passive larvae in water. Given their negative buoyancy [16] , passive larvae should (B) Schematic of the relevant forces and postural variables for pitch-axis stability. The force of buoyancy acts at the center of buoyancy, which is offset caudally from the center of mass, where the net gravitational force acts ( Figure S1 ). The angle of the longitudinal axis of the fish (dotted line) relative to the horizon (dotted line) in the nose-up/nose-down axis is the pitch angle, q. The angular velocity, or rotation of the fish in the pitch axis, is represented by _ q. Buoyant and gravitational forces acting on a larva pitched at À90 (right) would be aligned such that the larva is at hydrostatic equilibrium with no pitching moment. For all figures, the noseup direction is represented by positive values. (C) A representative swimming epoch from a 7 dpf larva. Rhythmic spikes of translation speed delineate swim bouts (C 1 ), which coincide with large changes to pitch angle (q, C 2 ). Shaded bands indicate windows of bouts (green) and pauses (tan).
(D) Pitch-axis asymmetry of bouts and pauses are plotted as a function of age and clutch. The proportion of bouts with the fastest rotation in the nose-up direction is plotted in green. Corresponding mean angular velocity ð _ qÞ during pauses is plotted in tan. Individual clutches are plotted as thin lines and mean data are plotted as square markers on thick lines. (E) Each line represents the average percentage of bouts in the nose-up direction (green shading) for a single clutch, paired with the corresponding mean angular velocity ð _ qÞ during pauses (tan shading). See also Figure S1 , Tables S1 and S3, and Movies S1 and S2. sink such that drag on their dart-like bodies may further promote nose-down orientation. Our model predicts that larvae should experience a consistent nose-down angular acceleration (Figure S1 ) that increases non-monotonically with age (one-way ANOVA, F 3,56 = 94.1, p = 7.4EÀ22). The magnitude of ideal angular acceleration increased more than 3-fold during the first week of life, as bones in the head calcified and the swim bladder shifted posteriorly (t 28 = 13.0, p = 2.4EÀ13). From 7 to 14 dpf, the nose-down acceleration decreased 3-fold (t 28 = 13.3, p = 1.3EÀ13) as calcification extended to the tail, reducing the relative density of the head. During the third week of life, nose-down acceleration increased by another 60% (t 28 = 4.7, p = 6.8EÀ5). Thus, we predict that larvae are destabilized throughout early development by a nose-down torque, and the magnitude of this destabilization varies with age.
Freely Swimming Larvae Rotate Nose-Down but Maintain Nose-Up Posture To determine the extent to which external forces influenced postural dynamics, we monitored freely swimming larvae from the side. We measured the pitch angle (q) and computed angular velocity ð _ qÞ and angular acceleration ð € qÞ of individual larvae in the light during circadian day (Movie S2). We examined groups of 8 larvae at 4, 7, 14, and 21 dpf from four separate clutches (i.e., four separate sets of eight siblings), leveraging natural variation in growth rates between clutches to estimate general properties of larval locomotion. In total, tracking 128 larvae yielded a total of 19.5 hr of analyzable swimming epochs containing 56,682 swim bouts. We examined rotation by leveraging the segmented structure of larval locomotion ( Figures 1C 1 and  1C 2 ). To dissociate destabilizing forces acting on larvae, we selectively examined ''pauses,'' periods between swim bouts when larvae translated slower than 1 mm $ s À1 (comprising 80%-55% of observed time at 7 and 21 dpf, respectively). During pauses, changes in pitch most likely reflect hydrostatic forces rather than hydrodynamic forces accompanying the swim bout and its aftermath [12] . Larvae at all ages tended to rotate nose-down during pauses (tan bands in Figure 1C 2 ; Movie S2). Pauses had long durations relative to swim bouts, and larvae therefore spent a majority of time rotating nose-down (from 76% at 7 dpf to 59% at 21 dpf). Larvae exhibited nose-down angular acceleration during pauses (Table S2 ; € q c ) that was smallest at 4 dpf, increased from 4 to 7 dpf, and then decreased by 14 dpf, similar to morphometric estimates. Despite the preponderance of nose-down acceleration and rotation, larvae at all ages tended to pitch slightly nose-up to horizontal (Table S2 ; q, s q ), well away from their nose-down equilibrium while passive. To identify how larvae overcome nose-down destabilization, we examined pitch during swim bouts.
Swim Bouts Counteract Nose-Down Rotation
Swim bouts at all ages were biased opposite of passive destabilization, providing net nose-up rotation. Therefore, during translation, larvae could stabilize pitch by directly compensating for nose-down rotation. Across all groups, the proportion of bouts providing nose-up rotation exhibited a tight, negative correlation with nose-down angular velocity during pauses (R 2 = 0.83, p = 1.03EÀ6). The magnitude of nose-down rotation exhibited a mirror-symmetric developmental trajectory to that of swim bout asymmetry ( Figure 1D ). Larvae tended to rotate faster nose-down during pauses from 4 to 7 dpf, but less so thereafter. Conversely, swim bouts were most biased at 7 dpf, when about two-thirds comprised nose-up rotation. Individual clutches varied with respect to the average magnitude of nose-down rotation and the precise fraction of nose-up bouts at each age ( Figure 1D ). We found that the relationship between nose-down rotation and nose-up bouts was evident not only across age but also clutch ( Figure 1E ), with significant effects of age and clutch on angular velocity (two-way ANOVA, main effect of age: F3,9 = 14.5, p = 8.6EÀ4; main effect of clutch: F3,9 = 20.2, p = 2.5EÀ4) and the proportion of nose-up swim bouts (main effect of age: F3,9 = 9.1, p = 4.4EÀ3; main effect of clutch: F3,9 = 29.0, p = 5.8EÀ5). We conclude that swim bouts collectively counteract nose-down destabilization.
Individual Swim Bouts Stabilize Posture
We found that larvae at all ages employed bouts to directly reduce pitch eccentricity. Furthermore, they did so with roughly equal efficacy across age. Despite great variability in the pitches adopted ( Figure 1C 2 ; Table S2 ; s q ), we uncovered a small but significant (Table S2 , p q ) negative correlation between the pre-bout pitch and net rotation of individual bouts, pooled by age (R q ). This correlation accounted for 4.8%-7.3% of variability of net rotation from bout to bout (Table S2 ; SD of s Dq ). The gain of pitch correction (opposite slope of said correlation) was comparable across ages, ranging from 0.08 to 0.11 (Table S2 ; m q ). Thus, across all bouts, pitch eccentricity is comparably reduced at all ages, as bouts tend to return fish to their preferred posture. We found that bouts not only restored preferred pitch, but also stabilized rotation at all ages, independent of pre-bout angular velocity (Figures 2A and 2B ). As with front-heavy projectiles, such as darts or shuttlecocks, corrective angular accelerations ought to arise during forward propulsion, due to the denser leading edge of larvae [2] . To compare the efficacy of angular velocity correction across age, we examined the correlation between net angular acceleration (the change in angular velocity across a bout, D _ q) and the associated pre-bout angular velocity ( _ q pre ; Figures 2C and 2D). At all ages, individual clutches exhibited significant negative correlations between D _ q and _ q pre (Table S2 , p _ q averaged across clutches). The opposite of the slope of the best-fit line reflects the proportion of rotation canceled by a given bout and defines the corrective gain, such that a gain of 1 reflects complete negation of _ q pre . Larvae from 4 to 14 dpf behaved asymmetrically, with gains around 1 for nose-up _ q pre but only 0.5 for nose-down _ q pre ( Figures 2C and 2E ). By 21 dpf, the gain of nose-down _ q correction doubled, as larvae canceled all rotations with gains approaching 1 ( Figures 2D and 2E ). These data suggest that the hydrodynamics of swim bouts, specifically lift produced during forward locomotion, would correct angular velocity and do so more effectively at the end of the larval stage. Taken together, our data show that swim bouts acutely correct instability both in terms of pitch and angular velocity.
We tested the dependence of bout kinematics on postural stability by physical manipulation of larval body composition. Zebrafish raised in water with a layer of paraffin oil on the surface at the time of swim bladder inflation (3-4 dpf; [20] ) gulped oil instead of air, yielding larvae with denser, over-inflated swim bladders ( Figure 3A) . At 5 dpf, these larvae exhibited greater pitch-axis instability, with more prominent nose-down rotation during pauses (Figures 3B-3D ; À23.7 ± 11.7 degrees $ s À1 versus À1.0 ± 2.0 for controls; paired t test, p = 0.0037; n = 7). Consistent with the negative correlation of destabilizing rotation and the production of corrective bouts shown earlier (Figures 1D and 1E), larvae with oil-filled swim bladders produced an increasing proportion of nose-up bouts as destabilization worsened (74.3% versus 55.5% for controls; Wilcoxon signed-rank test, p = 0.016). Despite exaggerated nose-down destabilization, larvae with oil-filled swim bladders were able to maintain noseup pitch (42.3 ± 9.8 mean pitch across clutches), most likely by initiating corrective bouts more frequently ( Figure 3E ; 0.51 ± 0.22 s mean inter-event interval (IEI) versus 0.99 ± 0.16 s for controls; paired t test, p = 0.0034).
The Timing of Bouts Becomes Posture Dependent with Age
Given that individual bouts stabilize posture and that greater instability leads to increased bout frequency, control of bout initiation would be an efficient mechanism for balance. To relate stability to bout initiation, we measured the conditional probability of observing a particular posture (q and _ q) at the time of bout initiation. We corrected this distribution by the overall probability of occupying a particular posture (Equation S19). Our estimates are thus normalized for the observed postural variation, including the nose-down bias to rotation and the nose-up bias to pitch angle described above. Therefore, this distribution conveys how the relative probability of initiating a bout, or ''relative bout likelihood,'' varies as a function of posture.
We found that the variation of relative bout likelihood by posture increased with age, as larvae came to initiate bouts preferentially when unstable ( Figure 4A , top row). At 4 dpf, posture had little influence on bout initiation. From 7 dpf onward, larvae were relatively unlikely to swim when pitched horizontally and with minimal rotation. By 21 dpf, larvae almost never initiated bouts at such stable posture. As pitch deviated from horizontal or rotation speed increased, 21 dpf larvae became much more likely to initiate bouts.
To model the underlying changes to sensorimotor variables across age, we fit the relative bout likelihood with a continuous function of pitch and angular velocity (Equation S21; Figure 4A , bottom row). The model accounted for increasing fractions of the variance of relative bout likelihood with age: bootstrapped R 2 (mean ± SD from 250 iterations) = 0.16 ± 0.04 at 4 dpf, 0.29 ± 0.03 at 7 dpf, 0.53 ± 0.04 at 14 dpf, and 0.67 ± 0.04 at 21 dpf. The model uses three free parameters to estimate relative bout Table S2. likelihood (a, b, and z; Equation S21) and one fixed parameter (g). Values of a ( Figure 4B ) and b ( Figure 4C ) reflected sensitivity to pitch and angular velocity, respectively, and both increased with age. Larvae at 4 dpf generated bouts comparably irrespective of pitch, with pitch sensitivity indistinguishable from zero. By 21 dpf, each degree that pitch deviated from 0 increased the probability of initiating a bout by nearly 10%, and each additional degree $ s À1 of rotation increased said probability by nearly 15%.
Larvae were more sensitive to nose-down than nose-up rotation throughout development. The parameter capturing this angular velocity asymmetry, g, changed minimally across ages when allowed to vary, and so it was held constant at 0.035 s $ degree
À1
. Lastly, z, the baseline ( Figure 4D ) corresponded to the relative bout likelihood when larvae were pitched horizontally and not rotating. The baseline decreased with age, as sensitivity to postural variables came to dominate bout initiation. A model of bout initiation as a time-dependent function of relative bout likelihood (Equation S23) explained observed bout times significantly better than a function of time alone (Equation S22), evaluated on cross-validated data using the log-likelihood ratio (p << 0.05; Equation S24; Figure 4E ). We conclude larvae develop the capacity to initiate corrective bouts selectively when unstable, linking movement initiation to postural stability.
Posture-Dependent Bout Kinematics and Initiation Account for Movement Statistics
We observed that larval fish come to initiate bouts that correct pitch and angular velocity preferentially when unstable. Therefore, balance consists of both locomotion-dependent 
(E) Log probability distributions of inter-event intervals (IEIs) for swim bouts generated by 5 dpf larvae with air-and oil-filled swim bladders (n = 7). mechanisms (angular velocity and pitch correction) and locomotion-independent mechanisms (preferential initiation of bouts). To determine the contributions of both mechanisms to balance, we simulated swimming in fish of different ages, removing each mechanism individually to assess the consequences for posture ( Figure 5A ). Simulated larvae were challenged with age-specific, nose-down angular acceleration (Equation S15; Figure 5B ). They initiated bouts based on a stochastic process (Equation S22; Figure 5C ) tuned to reproduce empirical IEI distributions, which were comparable across ages (Table S2 , median and median absolute deviation). Simulated larvae could produce age-appropriate movements ( Figure 6A ). Overall, simulated IEIs captured the empirical tendency toward longer durations at pitches and angular velocities near zero ( Figure 6B ). Larvae tended to produce more bouts when unstable, accelerating the restoration of stable posture ( Figure 6A, closed triangle) . Complementarily, larvae initiated fewer bouts when stable ( Figure 6A , open triangle). Models were tuned to reproduce IEI distributions, but simulations also successfully adopted empirical pitches (Figures 6C and 6D ; area under receiver operating characteristic curve [AUROC], Table S2 ).
Control of Movement Timing and Kinematics Confer Stability In Silico
To determine how stability is influenced by posture-dependent bout initiation, we abolished relative bout likelihood and initiated bouts based solely on the posture-independent, time-dependent null model (Equation S22). We found that randomly timed bouts were sufficient, with angular velocity and pitch corrections in place, for larvae to exhibit a preference for horizontal posture (Figure 7A, magenta) . However, simulated pitch was more variable and nose-down than in the full model (contrast green and magenta in Figure 7A ). Thus, recapitulating empirical stability required not only angular velocity and pitch corrections, but also control of movement timing captured by the relative bout likelihood.
Posture-dependent adjustments of bout kinematics further stabilize larvae near their preferred horizontal pitch. If individual bouts were generated independent of pitch ( Figure 5D ), larvae could not maintain horizontal pitch. Instead, they obtained nose-down pitch as extrinsic destabilization biased them toward passive, nose-down equilibrium ( Figure 7A ). Alternatively, we separately abolished angular velocity correction ( Figure 5E ). If simulated bouts did not tend to reduce ongoing rotation (Equation S17) but instead produced random angular acceleration (Equation S18), angular velocity accumulated. Consequently, larvae in these simulations spun in the pitch axis and exhibited no preferred pitch. Thus, absent hydrodynamic angular velocity correction, larvae could not maintain posture, and, absent pitch correction, posture was dominated by extrinsic forces.
To quantify the relative stability of the various models, we calculated the inverse of the SD of adopted pitches, an index of stability ( Figure 7B ). The full model had the greatest pitch stability, with the relative bout likelihood and pitch corrections both contributing to increase the stability index. The contribution of relative bout likelihood to stability increased with age, as measured by the ratio of stability indices for the full and null models ( Figure 7C ). The propensity of larvae in the posturevariant model to linger while stable recapitulated long IEIs not present in posture-invariant models ( Figure 7D ). We conclude See also Table S2. zebrafish balance using a complement of locomotor-dependent and -independent mechanisms, including a postural gate on movement initiation, the sensitivity of which increases as larvae grow.
DISCUSSION
By leveraging a natural variation of instability and locomotion in developing zebrafish, we observed that the drive to balance, an oft-overlooked but universal sensorimotor challenge, comes to determine movement initiation. Our work dissociates biomechanical considerations from a sensorimotor mechanism underlying balance development: to counteract destabilization, zebrafish larvae learn to gate corrective movements based on their posture. By adjusting the kinematics of randomly timed movements, even the youngest and least experienced larvae gradually return to the preferred pitch following volitional or environmental destabilization. However, the mature capacity to selectively bout when unstable facilitates the restoration of preferred postures. Implementing this mechanism within a control-theoretic feedback model of swimming recapitulates empirical posture variation and movement timing across development. We propose that, as zebrafish develop, functional incorporation of postural variables for gating movement constitutes a key sensorimotor improvement for balance. Like most swimming and flying organisms, zebrafish larvae could achieve dynamic stability either through passive biomechanical means or active kinematic control. Angular velocity Figure 1) is a function of q and tends to orient larvae nose-down (Movie S1; Supplemental Results) by causing an angular velocity that sums with a larva's current velocity ð _ qÞ. Bout timing (per Figure 4) is a function of both q and _ q and gates the corrective commands resulting from pitch (Table S2 ) and angular velocity correction ( Figure 2 ). (B-E) Each computation is defined by one or more age-specific filters, schematized by a plot with two lines, blue (7 dpf) and purple (21 dpf). (B) Extrinsic destabilization comprises the age-specific, nose-down angular acceleration experienced by passive larvae. The precise value follows the cosine of q, such that the acceleration is maximal for a horizontal fish and decreases toward equilibrium when vertical. Age-specific weighting functions are plotted for 7 (blue) and 21 (purple) dpf. The angular acceleration is integrated to influence _ q. (C) To generate posture-dependent bouts, q and _ q are scaled by the age-dependent pitch and angular velocity sensitivity functions, respectively, and summed with an age-dependent baseline (relative bout likelihood). To implement the observed refractory period between bouts, the posture-dependent component is multiplied by a function of time elapsed since last bout (refractoriness; Equation S22). The overall bout probability governs bout initiation stochastically (die). (D and E) Pitch correction (D) and angular velocity correction (E; Equation S17), as age-dependent functions of q and _ q, respectively, are shown. Empirically derived noise (ε) was added to the pitch and angular velocity commands (Equation S17). Both pitch and angular velocity command signals are gated by the bout initiation signal. See also Table S2. correction described here most likely reflects corrective lift on the tail generated during forward translation [2] . The gain of this correction should therefore correlate with propulsive efficacy, both of which increase with age [21] [22] [23] . Further, the asymmetry of angular velocity correction is consistent with morphological changes, as the ease of nose-up rotation correlates with the convexity of the ventrum [2] ; decreasing convexity with the loss of yolk sac from 4 to 7 dpf may underlie the concomitant worsening of nose-down angular velocity cancellation, while the late improvement may arise from increasing ventral convexity by 21 dpf [19] . In contrast to angular velocity correction, pitch correction is unlikely to derive solely from morphological aspects of locomotion. Drag forces should not vary with pitch as the direction of movement is itself dependent on pitch [24] . Instead, larvae may actively modulate bout kinematics, leveraging distinct dorsal and ventral motor pools to correct pitch [11] .
As it precedes locomotion, sensory gating of bout initiation must be implemented in the nervous system. Therefore, asymmetric sensitivity to angular velocity for bout initiation most likely reflects a limit on the implementation of this sensorimotor computation. Motor or biomechanical sources of asymmetric sensitivity are unlikely, as movement gating must occur upstream of motor output. Sensory origins are similarly unlikely: as most clearly demonstrated in Xenopus, the semicircular canals must exceed a certain size to function [25] . The lack of a horizontal vestibulo-ocular reflex in larval zebrafish with body lengths studied here supports the contention that the semicircular canals are non-functional [26] (Table S1) , and vestibular transduction of pitch-axis rotations is, therefore, mediated exclusively by the nose-up/nose-down symmetric utricle [27] . In contrast, asymmetric processing of pitch is straightforward to implement given central vestibular architecture. Pitch information is represented in the brain by distinct nose-up and nose-down channels-independent populations of vestibular neurons with direct projections to movement generation centers [10, [28] [29] [30] [31] [32] [33] [34] . Thus, functional asymmetries between the nose-up and nose-down channels could mediate asymmetric sensitivity. Crucially, these channels are part of a well-established circuit for adult vestibular learning and memory [35] , providing a likely substrate for the developmental improvements that we observed.
By disentangling locomotion-dependent and -independent contributions to the development of balance, we have uncovered a mechanism by which animals regulate movement initiation. The initiation of corrective movements is crucial to animals facing constant destabilization. Passively unstable body (C) Probability distributions of IEI for empirical 21 dpf larvae (four clutches) and larvae simulated at 95% confidence intervals (green band) for parameter solutions in the model (AUROC = 0.51 ± 0.03, Table S2 ). (D) Probability distributions of q for 21 dpf larvae as in (C) (AUROC = 0.59 ± 0.03). See also Table S2. morphologies are common, as they offer advantages for locomotion: just as the top-heavy human body trades stability while standing for efficiency of walking [1] , uneven weight distribution facilitates forward swimming [2, 3] . Reduced morphological stability can thus improve maneuverability [36] , but only if underlying neural control is sufficiently effective [5] [6] [7] 37 ]. Here we show that such efficient control, while typically considered in terms of instantaneous movement kinematics, emerges over development as a postural gate on movement. By developing the ability to control locomotor timing, animals experiencing constant destabilization come to effectively maintain balance. Our work thus not only speaks to the development of balance, but also advances our understanding of how and why emerging sensorimotor abilities come to influence movement initiation [38] [39] [40] [41] [42] [43] .
EXPERIMENTAL PROCEDURES Fish Care
All procedures involving zebrafish (Danio rerio) were approved by the New York University Institutional Animal Care and Use Committee. Fertilized eggs were collected from in-crosses of a breeding population of wild-type, TLAB zebrafish maintained at 28.5 C on a standard 14/10 hr light/dark cycle. Before 5 dpf, larvae were maintained at densities of 20-50 larvae per 10 cm diameter petri dish, filled with 25-40 mL E3 with 0.5 ppm methylene blue. Subsequently, larvae were transferred to 2-L tanks at six to ten per tank, maintained on system water and fed twice daily. Larvae received powdered food (Otohime A, Reed Mariculture) until 13 dpf and brine shrimp thereafter. For generation of larvae with paraffin oil-filled swim bladders, larvae without swim bladders at 3 dpf were transferred to 50 mL conical tubes (Falcon, Thermo Fisher Scientific) at a density of 12 larvae per tube. The tubes were filled with 45 mL E3 containing methylene blue (as above), then topped with 5 mL paraffin oil (VWR) and incubated until 5 dpf for experimentation. Control siblings were maintained similarly in 50 mL E3 without the oil surface.
Morphometrics
To estimate weight distribution and pitch-axis stability based on morphology, we modeled larval bodies at 4, 7, 14, and 21 dpf as series of elliptic cylinders using methods adapted from [17] . We estimated the positions of the center of mass and center of buoyancy, accounting for the location of the swim bladder and the variable tissue density as calcification proceeds from nose to tail with age [17, 18] . Bright-field micrographs of orthogonal dorsal and lateral perspectives of 15 larvae across three clutches were taken at each time point using an 8 megapixel iSight camera (Apple) through the ocular of a stereoscope (M80, Leica Microsystems). Larvae were immobilized dorsal up in 2% low-melting temperature agar (Thermo Fisher Scientific 16520) and photographed. The agar was sliced vertically and rotated for a lateral-view micrograph. Profiles of the larvae and swim bladders were traced manually, and the dorsal-and lateral-view tracings were registered using custom MATLAB code. For details on related calculations, please refer to the Supplemental Experimental Procedures.
Free-Swimming Apparatus
At each of 4, 7, 14, and 21 dpf, eight larvae from a single clutch (n = 4) were transferred to a glass cuvette (93/G/10 55 3 55 3 10 mm, Starna Cells) filled with 24-26 mL E3. The thin cuvette (10 mm) maximized the time the fish spent swimming in the imaging plane. The enclosure containing the cuvette was kept on a 14/10 hr light/dark cycle with overhead light-emitting diodes (LEDs), which maintained water temperature at 26 C. Video was captured using a digital camera (BFLY-PGE-23S6M, Point Grey Research) equipped with a closefocusing, manual zoom lens (18-108 mm Macro Zoom 7000 Lens, Navitar) with f-stop set to 16 to maximize depth of focus. The field of view, approximately 2 3 2 cm, was aligned concentrically with the cuvette face. A 5 W 940 nm infrared LED backlight (eBay) was transmitted through an aspheric condenser lens with a diffuser (ACL5040-DG15-B, Thor Labs), and an infrared filter (43-953, Edmund Optics) was placed in the light path before the imaging lens. The experiment was concluded at 21 dpf, because larvae at 28 dpf were not consistently shorter than half the length of the field of view (10.81 ± 1.49 mm, mean ± SD; Table S1 , 16 % n % 24). Larvae with visually confirmed paraffin oil-filled swim bladders and control siblings were tested in parallel as above, eight larvae per clutch per condition (n = 7), for 24 hr starting the day of 5 dpf. Cuvettes for imaging larvae with oil-filled swim bladders contained E3 topped with a thin layer of paraffin oil, outside the field of view, to prevent supplementary inflation with air over the course of testing.
Video Acquisition and Detection
Digital video was recorded at 40 Hz with an exposure time of 1 ms, and kinematic data were extracted online using the NI-IMAQ vision acquisition environment of LabVIEW (National Instruments). For detecting larvae, background images were subtracted from live video, intensity thresholding and particle detection were applied, and age-specific exclusion criteria for particle maximum Feret diameter (the greatest distance between two parallel planes restricting the particle, Table S3 ) were used to identify larvae in each image. The threshold for maximum Feret diameter, when combined with a minimum duration for analyzed swim epochs, led to the exclusion of larvae askew to the plane of view as well as occurrences of multiple overlapping larvae detected as a single, large particle. For each particle satisfying these criteria, the pitch angle and the position of the visual center of mass of the particle were saved to disk for each time-stamped frame. Pitch angle was defined as the orientation, relative to horizontal, of the line passing through the visual centroid that minimized the visual moment of inertia, such that a larva at pitch zero has its longitudinal axis approximately horizontal. Within the body particle, a higher intensity threshold (Table S3 ) was applied to identify the side corresponding to the head, and the relative positions of the body and head centroids were used to calculate the sign of the pitch angles.
For measurement of passive pitch-axis rotations, larvae at all ages were anesthetized in 0.02% ethyl-3-aminobenzoic acid ethyl ester (MESAB, Sigma-Aldrich E10521) and manually released in a range of orientations from a transfer pipette beneath the surface of 3.5 L of water in a cubic (6 in) glass tank. The tank was filmed from the side at 160 Hz using a digital camera (GS3-U3-41C6NIR-C, Point Grey Research) and zoom macro lens (18-250 mm, Sigma). One release in which the larva remained oriented parallel to the field of view is presented (Movie S1).
Behavior Analysis
Data analysis and modeling were performed using MATLAB (MathWorks). Epochs of consecutively saved frames lasting at least 2.5 s were incorporated into subsequent analyses if they (1) contained only one larva and (2) were captured during the last 12 hr of the light phase of the light/dark cycle, to minimize potential effects of light onset. Instantaneous differences of body particle centroid position were used to calculate speed. IEIs were calculated from bout onset times (speed positively crossing 5 mm/s) in epochs containing multiple bouts, and consecutively detected bouts faster than 13 1 / 3 Hz were merged into single bouts. Larvae with paraffin oil-filled swim bladders infrequently sank at speeds exceeding 5 mm/s. For these larvae and control siblings with air-filled swim bladders, bouts were excluded if the movement vector was pointed vertically down (below À70 to horizontal; about 1% of events above bout threshold). Angular velocity was calculated as the differential of pitch angle. Peak angular velocity was defined as the largest magnitude angular velocity, positive or negative, during each swim bout (while speed exceeded 5 mm/s). Net rotations of individual swim bouts were calculated from time series aligned at peak translation speed, as the difference of average pitches from 125-250 ms following (q post ) and 125-250 ms preceding (q pre ) the frame with the fastest translation. Net angular accelerations were calculated as the difference of the mean angular velocity from 250-375 ms following ( _ q post ) and 125-225 ms preceding ( _ q pre ) the fastest translation.
Swimming Simulation
Posture was simulated as a function of time according to an algorithm that incorporated destabilizing angular acceleration and stochastic swim bouts. Age-specific parameters were used for each of 20 simulated fish at 4, 7, 14, and 21 dpf. Details on the implementation of swimming simulations are available in the Supplemental Experimental Procedures.
Data Sharing
All raw data and analysis code are available online at http://www.schoppiklab. com/. 
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